The 430 known members of the Ets multigene family of transcriptional regulators are increasingly being recognized for their involvement in early embryonic development and late tissue maturation, directing stage-speci®c and tissue-restricted programs of target gene expression. Identi®able primarily by their 85 amino acid ETS DNAbinding domain and dispersed across all metazoan lineages into distinct subfamilies, Ets genes also produce malignancies in humans and other vertebrates when overexpressed or rearranged into chimeras retaining the ETS domain, suggesting that their oncogenic potential is determined by the program of target genes they regulate. Searching for Ets factors that regulate expression of the HER2/neu (c-erbB2) oncogene in human breast cancer, we identi®ed a new epithelium-restricted Ets encoding an ETS domain homologous to the Drosophila E74/human Elf-1 subfamily, an amino-terminal region (A-region or Pointed domain) homologous to the distantly related Ets-1 subfamily, and a serine-rich box homologous to the transactivating domain of the lymphocyte-restricted High Mobility Group (HMG) protein, SOX4. Recombinant protein encoded by ESX (for epithelial-restricted with serine box) exhibits Ets-like DNA binding speci®city in electrophoretic mobility shift assays and, in transient transfection assays, transactivates Ets-responsive promoter elements including that found in the HER2/neu oncogene. ESX is located at chromosome 1q32 in a region known to be ampli®ed in 50% of early breast cancers, is heregulin-inducible and overexpressed in HER2/neu activated breast cancer cells. Tissue hybridization suggests that ESX becomes overexpressed at an early stage of human breast cancer development known as ductal carcinoma in situ (DCIS).
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Keywords: Ets; epithelial-restricted; breast cancer; HER2/neu A search of expressed sequence tags (ESTs) for a highly conserved 8 amino acid motif within the carboxy (C)-terminal region of the ETS domain revealed a partial cDNA sequence from fetal liverspleen (GenBank locus T78501) encoding a novel Ets protein. Within this same database (dbEST) representing 4250 000 largely anonymous ESTs (Lennon et al., 1996) , we found two other unidenti®ed but nearly identical partial sequences from normal mammary epithelium (R73021) and adult pancreas (T27397). Human placental polyA-mRNA was used to generate a full-length cDNA sequence with reading frame predictive of the 371 amino acid (aa) ESX protein shown in Figure 1a .
The C-terminal ETS domain of ESX (aa 274 ± 354) contains 27 of the 38 most highly conserved (consensus) residues found in the DNA-binding domain of all Ets family members (Figure 1d ). This domain in ESX has its greatest homology with the Drosophila E74/human Elf-1 subfamily (nearly 50% identity, 70% similarity), although ESX has no homology with E74/Elf-1 outside the ETS domain. The most obvious structural dierences distinguishing ESX from other Ets family members are the ®ve nonconservative changes in its DNA-binding domain consensus residues, including three within the ®rst helix (a1) that enhance basicity in a region likely to make critical contact with the minor groove phosphate backbone of bound DNA (Werner et al., 1995; Kodandapani et al., 1996) . Therefore, ESX may be assigned to the E74/Elf-1 subfamily on the basis of its sequence homology within the ETS domain (Lautenberger et al., 1992; Laudet et al., 1993; Degnan et al., 1993; Wasylyk et al., 1993; Janknecht and Nordheim, 1993) .
Additional features within ESX highlight the known plasticity of Ets proteins in regions outside of their ETS domain, re¯ecting 4500 million years of evolutionary recombination and exon shuing (Lautenberger et al., 1992; Laudet et al., 1993; Degnan et al., 1993; Wasylyk et al., 1993) . In contrast to its two other subfamily members, ESX possesses an amino (N)-terminal A-region or Pointed domain, a helix ± loop ± helix structure that has been conserved from Drosophila to humans and retained within subfamilies remote to E74/Elf-1 (Lautenberger et al., 1992; Wasylyk et al., 1993; Klambt, 1993) . The A-region in ESX (aa 64 ± 103) is most homologous to that found in Ets-1 (aa 69 ± 106) with 65% similarity and 40% identity, including seven of nine consensus A-region residues (Figure 1b) . The signi®cance of this homology is uncertain, however, since ESX (aa 30 ± 35) lacks a consensus carboxy (C)-terminal proline within the only known functional portion of the A-region, a MAP kinase substrate site (P ± TP) that is highly conserved between human Ets-1 and Ets-2 and Drosophila Pointed-P2 (Yang et al., 1996; Brunner et al., 1994; O'Neill et al., 1994) . Contained within the N-terminal anking region of the ESX DNA-binding domain is a serine-rich track of 51 residues (aa 188 ± 238), 35% identical to the conserved polyserine transactivating domain of the lymphocyte-restricted HMG-box protein, SOX4 (aa 370 ± 420) (VandeWetering et al., 1993) .
Polyserine domains are known to act as strong transactivators presumably, as in the case of p65NF-kB (aa 530 ± 560), by forming amphipathic helical structures in which the serines are clustered opposite a hydrophobic face (Seipel et al., 1992; Schmitz and Baeuerle, 1991) , as shown in a helical wheel model of the serine box in ESX (Figure 1c) .
Earlier studies have demonstrated that the HER2/neu oncogene, activated by overexpression in 440% of DCIS early breast tumors (Liu et al., 1992) , contains a highly conserved Ets-responsive element in its proximal promoter . Therefore, an oligonucleotide sequence (TA5) containing the Ets response element from HER2/neu was used to assess DNA-binding and transactivation by ESX. Bacterially expressed full-length ESX demonstrates high-anity, sequence-speci®c binding to TA5 by electrophoretic mobility shift assay (EMSA), as shown in Figure 2a . Unlike EMSA results for other Ets proteins known to contain¯anking regions that restrict DNA-binding (Jonsen et al., 1996) , fulllength ESX binds DNA with comparable anity to that of truncated ESX (aa 271 ± 371), consisting primarily of the ESX DNA-binding domain (data not shown). As seen with other Ets factors, DNA probes with mutations in the GGAA Ets core of TA5 fail to compete against TA5 for ESX binding, while those with mutations anking the GGAA core are relatively eective at competing for ESX binding. To con®rm that ESX binds DNA in an Ets-like manner, ESX footprinting was performed on a larger HER2/neu promoter fragment overlapping the TA5 sequence and its GGAA core response element. Characteristic of DNA-bound Ets proteins, ESX produces a DNase-I hypersensitive site embedded within a footprint on the antisense strand of the core response element (Figure 2b ). The transactivating potential of ESX was then determined by cotransfecting COS cells with an ESX expression plasmid and either of two dierent Ets-responsive reporter genes: a minimal promoter construct enhanced by three tandem head-to-tail copies of TA5 from the HER2/neu promoter, or *0.7 kb of the wildtype HER2/neu promoter driving the chloramphenicol acetyl transferase (CAT) reporter. Exogenously introduced ESX signi®cantly increases CAT expression from both constructs, but only when the core Ets response element is intact and not mutated, con®rming the Etsspeci®c transactivating potential of ESX ( Figure 2c ).
Chromosome mapping of ESX next to an unrelated subfamily member provides further insight into evolutionary mechanisms of Ets dispersion during the metazoan radiation of this multigene family. About ten of the known human Ets genes have been chromosomally mapped and half of these occur as a tandem linkage of dissimilar subfamily members at two general loci (21q22 for Ets2, Erg, and GABPa; 11q23 for Ets1 and Fli1), supporting a proposed model in which duplication of an ancestral Ets was followed by duplication and transposition of the Ets pair to another chromosome (Lautenberger et al., 1992; Laudet et al., 1993; Degnan et al., 1993; Wasylyk et al., 1993 ). An ESX clone isolated from an arrayed P1 library was used to map ESX to chromosome 1q32 bȳ uorescence in situ hybridization (FISH) (Figure 2d ). Since SAP1 (also known as ELK4, a member of the SAP/Elk/Net subfamily) was recently mapped to 1q32 (Shipley et al., 1994; Giovane et al., 1995) , ESX and Amino acid identity (aa letter code) and similarity (plus sign) within ESX A-region/Pointed domain most homologous to Ets-1, indicating consensus residues + most highly conserved among Ets family members as previously de®ned (Lautenberger et al., 1992) . (c) Homology between serine box in ESX and that of SOX4, with portion of ESX serine box also shown in a helical wheel model to demonstrate clustering of serine residues opposite a hydrophobic helical face (boxed residues). (d) Amino acid identity and similarity within the ETS domain of the two related subfamily members, ESX and Elf-1. Consensus residues + in this domain are those most highly conserved among all Ets family members, as previously de®ned (Janknecht and Nordheim, 1993) . Conservative (*) and non-conservative (*) substitutions found in the ESX consensus residues and their locations within known structural components of the ETS domain (Werner et al., 1995; Kodandapani et al., 1996) . Methods: A database search (BLAST) of expressed sequence tags (EST) using nucleotides derived from human Ets-2 encoding the highly conserved ETS domain sequence MNYEKLSR yielded GenBank clone T78501 as a putative new Ets (ESX). Made available by IMAGE Consortium and commercially obtained (Research Genetics, Inc.), this 1.1 kb partial cDNA sequence derived from fetal liver-spleen contains a polyA tail, *0.7 kb of 3' untranslated sequence and a 5' region encoding the C-terminal 126 aa of ESX. Re-sequencing of T78501 revealed several errors in its original description that would have disrupted the reading frame. A 5' RACE procedure (Marathon, Clontech Laboratories, Inc.) using placental polyA mRNA was used to clone the remaining 5' portion of ESX cDNA estimated to be *0.8 kb. Automated DNA sequencing (Biomolecular Resource Facility, UCSF) of three independent clones of the expected length yielded identical results and 5' cDNA termination sites within 30 bases of one another. Melding these sequences with the amended T78501 sequence produced the open reading frame as shown. ESX domain homologies as shown and described in the text resulted from BLAST searches of the SWISS-PROT and PIR protein databases SAP1 now represent the third known set of closely linked human Ets genes. While the chromosomal location of Elf-1 (subfamily homolog of ESX) is not presently known, it is tempting to speculate that it will be linked to another SAP/Elk/Net subfamily member, in accordance with the evolutionary model for the generation of the Ets-1/Fli-1 and Ets-2/Erg loci. Since Southern blotting suggested the presence of excess ESX gene copies in several breast cancer cell lines known for their ampli®cation of HER2/neu (e.g. SK-BR-3, BT-474), FISH analysis was also performed on these cells. As shown in Figure 2d , ESX ampli®cation in these cell lines results predominantly from an increase in chromosome 1q copy number (aneusomy). While gene ampli®cation is not thought to be a common mechanism by which Ets proto-oncogenes become activated (Wasylyk et al., 1993; Janknecht and Norheim, 1993) , multiple copies of DNA sequences mapping across the 1q32 locus can be observed in about 50% of early breast tumors (Isola et al., 1995) .
Apart from two other more centromeric protooncogenes on this chromosome arm, SK1 at 1q22 ± 24 and TRK at 1q23 ± 24 (Chaganti et al., 1986; Morris et al., 1991) , ESX and SAP1 represent likely oncogene candidates accounting for this 1q ampli®cation in human breast tumors.
Many human Ets exhibit a tissue-restricted pattern of gene expression, with some family members showing greater tissue speci®city than others (Wasylyk et al., 1993; Janknecht and Norheim, 1993) . Based on Northern blots of normal human tissue (Figure 3a) , ESX mRNA expression is restricted to tissues of epithelial origin with little if any expression detectable in testes, ovary, brain, skeletal muscle, or lymphohematopoietic tissues (spleen, thymus, white blood cells). PEA3, by comparison, the only other epithelium-restricted Ets, is expressed in a subset (®ve of nine) of the ESX-positive tissues (data not shown); expression of both in normal heart leaves open to question the endo-, myo-, or peri-cardial component of
this tissue that is the source of ESX and PEA3 transcripts. When a panel of human breast cancer cell lines is compared for ESX expression relative to normal human mammary epithelial cells (HMEC), ESX mRNA is increased three to ®vefold in the HER2/neu-positive tumor lines and decreased two to fourfold in the HER2/neu-negative lines (Figure 3b) . Immortalized but non-transformed MCF10A mammary ductal epithelial cells express ESX mRNA at a level similar to that of HMEC; in contrast, breastderived HBL100 cells (which contain stably integrated SV40 viral genomes) have no detectable ESX mRNA.
To explore the possible relationship between ESX overexpression and HER2/neu activation, ESX mRNA was measured in cultured SK-BR-3 cells after treatment with the ligand heregulin-b1 1 ± 244 (HRG), known to initiate mitogenic signaling in these cells by activation of HER2/neu receptor tyrosine kinase in association with ErbB3 (Holmes et al., 1992; Li et al., 1996) . Following HRG treatment, the SK-BR-3 cells (which do not express endogenous HRG) show increased expression of ESX within 15 min and achieve a peak *sixfold increase in ESX mRNA within 120 min (Figure 3c ). These results indicate that Figure 2 DNA-binding and transactivation by recombinant ESX gene product, chromosomal localization and copy number of the ESX gene. (a) Speci®c DNA-binding of full-length (*42 kDa) recombinantly expressed ESX to an oligonucleotide sequence (TA5) containing the Ets-responsive element (GGAA) from the HER2/neu promoter. Five dierent competing unlabeled (cold) oligonucleotides containing speci®c mutations in the wildtype (WT) TA5 sequence, m1 ± m5, were added at 50-fold molar excess; gel lanes containing the excess cold competitors are labeled. (b) DNase-I hypersensitivity site and footprint produced by ESX on antisense strand of Ets response element in the HER2/neu promoter. Antisense strand sequence as shown (740 bp to 726 bp upstream of major transcriptional start site in HER2/neu promoter) is marked with asterisk at hypersensitivity site within Ets response element (GGAA on sense strand). (c) Induction of CAT activity from two dierent Ets-responsive report constructs (p3TA5-BLCAT5, pHER2-CAT) in COS cells cotransfected with an ESX expression plasmid (pcDNAI-ESX). Mutant reporter plasmids (p3TA5P-BLCAT5, pHER2m-CAT) are identical to their normal counterparts except for alterations in the Ets response element within the TA5 sequence (GGAA to GAGA and GGAA to TTAA, respectively). (d) Metaphase mapping of ESX bȳ uorescence in situ hybridization (FISH) to human chromosome locus 1q32 in normal human lymphocytes, and aneuploid ESX copy number in human breast cancer cells. Inset shows the localization of ESX (green) to 1q32 based on DAPI banding of metaphase chromosome 1; interphase FISH reveals a mean of ®ve to six copies of ESX (green) per SK-BR-3 cell (lower right panel) and a mean of four copies of ESX per BT-474 cell (upper right panel) relative to a reference probe for 1q1 (pUC177, red), which indicates comparable levels of chromosome 1q aneusomy in these breast cancer lines. Methods: Using primers incorporating the initiating methionine or the termination codon of ESX and designed with NheI and HindIII sites, respectively, PCR ampli®cation was performed on double stranded placental cDNA (Clontech) to produce a full-length ESX cDNA product which was subsequently cloned into the NheI and HindIII sites of a pRSETA his-tag expression plasmid (Invitrogen). Following sequence veri®cation, an ESX expression clone in BL21(DE3)pLysS cells was used to produce ESX protein following 8 M urea bacterial extraction, puri®cation on ProBond resin (Invitrogen), and dialysis against PBS containing 10% glycerol. SDS-gel analysis indicated a *42 kDa protein with 490% purity. Electrophoretic mobility shift assay (EMSA) was performed as previously described , using *1 ng of ESX protein per condition and 0.3 pmol of end-labeled TA5 probe (+cold competitor), a duplexed 31-mer from the HER2/neu promoter, 750 bp to 720 bp relative to the major transcriptional start site. DNase-I footprinting was performed on a 125 bp BssHII/SmaI fragment from the HER2/neu promoter, labeled on the antisense strand at the SmaI site. Reactions contained *10 ng of ESX protein with 1 unit of DNase-I acting for 1 min at room temperature. Reaction products containing ESX were electrophoresed on a 6% denaturing gel alongside a control reaction lane (minus ESX, lane C). Transient transfection of cultured cells (COS) was performed by calcium phosphate precipitation as previously described , using pcDNAI/Amp (Invitrogen) to express full-length ESX protein and either the thymidine kinase minimal promoter-CAT vector (pBLCAT5, from American Type Culture Collection) enhanced with three tandem (head-to-tail) upstream copies of TA5 (p3TA5-BLCAT5) or a 700 bp A¯II/NcoI fragment from the HER2/neu promoter (containing two other putative Ets response elements upstream of the TA5 sequence) inserted into pCAT-Basic (Promega) to give pHER2-CAT. Mutant reporter plasmids, p3TA5P-BLCAT5 and pHER2m-CAT, were similarly constructed with the former possessing a GGAA to GAGA mutation within each of the tandem repeats and the latter retaining the two upstream promoter response elements intact but possessing a GGAA to TTAA Ets response element mutation within the TA5 sequence. Transfections, using 0.5 mg of reporter and 5 mg of expression plasmid, were repeated at least three times with the mean values (+s.d.) of CAT reporter activity (arbitrary units) as shown; and transfection eciencies were monitored by b-galactosidase activity expressed from a co-transfected b-gal encoding plasmid (pCH110, Pharmacia Biotech). Metaphase chromosomal localization and interphase copy number of ESX were determined by FISH analysis with a genomic ESX P1 clone, using a previously described technique (Stokke et al., 1995) (Holmes et al., 1992) . Lane 1, no HRG treatment; lanes 2 to 6, treatment with 1 nM HRG for 15, 30, 60, 120, and 180 min. As shown, RNA loading and transfer was controlled for by rehybridization of the same blot with a GAPDH probe. Methods: As previously described , total cellular RNA (*20 mg per lane) was prepared by guanidinium isothiocyanate extraction (pH 5.5) and blotted onto nylon membranes following electrophoresis through 1% formaldehyde agarose gels. All blots were probed with a randomly primed 400 bp cDNA fragment S-labeling and run-o transcription using T7 or T3 RNA polymerase, respectively, from pT7T3 (Pharmacia) containing a 700 bp fragment of 3' untranslated ESX cDNA. Using previously described techniques (Wilkinson, 1992) , tissue hybridization and autoradiography were performed on thin sections of paran-embedded samples of normal mammary epithelium (n=3) and DCIS breast tumors (n=10). Samples were chosen according to their previously determine HER2/neu overexpression and ampli®cation status (Liu et al., 1992) and for their RNA integrity and comparable levels of GAPDH expression, as determined by preliminary in situ hybridization with an antisense probe for GAPDH. Figure panels show only the antisense riboprobe signals resulting from ESX transcripts in the underlying hematoxylin-counterstained epithelial cells. ESX sense riboprobe was used to control for non-speci®c hybridization and autoradiography background signal using adjacent sections from each sample. The density of this background signal (from sense riboprobe) was nearly identical for the representative samples shown in this ®gure, representing less than one-tenth of the antisense riboprobe signal density over the epithelial cells shown in (b) and comparable to that over the acellular stromal component of each sample ESX induction is an immediate early gene response to HER2/neu activation, supporting a signaling link between ESX and HER2/neu gene function.
Since HER2/neu activation occurs early during human breast tumorigenesis and with development of DCIS, we looked for evidence of early ESX overexpression by in situ hybridization in DCIS tumor samples previously characterized as HER2/neu-positive with regard to ampli®cation and overexpression relative to that of normal breast epithelium (Liu et al., 1992) . Figure 4 demonstrates that ESX expression is restricted to normal and malignant mammary ductal epithelium with no ESX expression detectable in breast stroma, including its reticulo-endothelial cell and in¯ammatory/ lymphocytic cell components. Consistent with ESX overexpression observed in HER2/neu ampli®ed breast cancer lines, ESX transcript levels in HER2/neu-positive DCIS (panel a) are markedly increased relative to that of normal breast epithelium (panel b). These tissue hybridization studies indicate that overexpression of ESX, as with HER2/neu, may occur early during development of human breast tumors.
Additional studies are necessary to establish the mechanism and possible tumorigenic role of ESX expression: in particular, correlation between ESX and HER2/neu ampli®cation and overexpression must be proven with a much larger number of clinical samples, a task that will be expedited by the development of antibodies to ESX for immunohistochemical analyses. Since ESX can transactivate the HER2/neu promoter, one potential mechanistic link may be explored by interfering with transcriptional regulation at the Ets response element on this promoter (Noonberg et al., 1994) . Moreover, several studies have established that activated HER2/neu can increase Etsmediated gene expression via Ras signaling (Galang et al., 1996; Yang et al., 1996; O'Hagan et al., 1996a) . Since preliminary evidence also indicates that HER2/ neu kinase activation of PEA3 leads to upregulation of PEA3 gene synthesis (O'Hagan et al., 1996b) , it is conceivable that the upregulation of ESX transcription noted in some malignant breast epithelial cells not only contributes to but also results from HER2/neu overexpression in these tumor cells. Thus, there is compelling rationale to establish the prevalence and role of ESX upregulation in human breast tumors as well as other malignancies of epithelial origin.
